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Summary 
Telomerase activity was demonstrated in cell-free ex- 
tracts from S. cerevisiae through the use of a PCR- 
based assay. As expected, this activity was eliminated 
by RNase or phenol treatment of the extract and was 
dependent on dGTP and dTTP. Telomerase was not 
detected in extracts prepared from cells grown for - 30 
or more cell divisions in the absence of the EST1 prod- 
uct, Estl p. TLC1 RNA, which determines the sequence 
of telomeric DNA in vivo, was present in normal 
amounts in estl/I cells. Moreover, TLC1 RNA specifi- 
cally precipitated with epitope-tagged Estlp. These 
data indicate that Estlp is either a subunit of yeast 
telomerase or an accessory protein associated with 
telomerase that is essential in vitro for its activity. 
Introduction 
In most eukaryotes, telomeres, the physical ends of chro- 
mosomes, consist of simple repeated DNA. Often, the 
strand running 5'to 3'from the center toward the end of the 
DNA molecule is GT rich. For example, Saccharomyces 
chromosomes end in 300 ± 75 bp of C1-3A/TGI_3 DNA 
(Shampay et al., 1984; Wang and Zakian, 1990). Telo- 
meres are essential for the stable maintenance of Sac- 
charomyces chromosomes (Sandell and Zakian, 1993). 
One of their essential functions is to prevent he gradual 
loss of DNA that would occur if a linear DNA molecule were 
replicated by a conventional DNA polymerase (Watson, 
1972). 
Telomerase is a ribonucleoprotein that uses an RNA 
template to extend the G-rich strand of telomeric DNA in 
the absence of a DNA template (reviewed by Blackburn, 
1992). This activity, initially identified in extracts from the 
ciliated protozoan Tetrahymena (Greider and Blackburn, 
1985, 1987), is responsible for replication of Tetrahymena 
telomeres in vivo (Yu et al., 1990; Yu and Blackburn, 1991). 
Telomerase has also been detected in cell-free extracts 
from several other ciliated protozoa (Zahler and Prescott, 
1988; Shippen-Lentz and Blackburn, 1989), humans 
(Morin, 1989; Kim et al., 1994), mice (Prowse et al., 1993), 
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and frogs (Mantell and Greider, 1994). Telomerase RNA 
has been isolated from several organisms (Greider and 
Blackburn, 1989; Shippen-Lentz and Blackburn, 1990; Ro- 
mero and Blackburn, 1991; Lingner et al., 1994; Melek et 
al., 1994). Recently, the genes encoding two Tetrahymena 
proteins that copurify with telomerase activity and telo- 
merase RNA were cloned and sequenced (Collins et al., 
1995). 
Several genes are known whose mutation causes a de- 
crease in the lengths of Saccharomyces teJomeres (Lustig 
and Petes, 1986; Lundblad and Szostak, 1989; Conrad et 
al., 1990; Lustig et al., 1990; Palladino et al., 1993; Singer 
and Gottschling, 1994). One such gene, TLC1, has no 
significant open reading frame but encodes an RNA of 
-1300 bases (Singer and Gottschling, 1994). This RNA 
contains a 16 base stretch that could serve as a template 
for the G strand of yeast telomeric DNA. Indeed, changes 
in TLC1 that alter this 16 base region are incorporated 
into telomeric DNA in vivo. The demonstration that TLCl 
determines the sequence of yeast telomeric DNA argues 
strongly for its encoding telomerase RNA. Although tlclA 
cells can grow for many generations, their telomeres grad- 
ually shorten, and, eventually, cell viability decreases 
(Singer and Gottschling, 1994). For example, after -75  
divisions, - 50% of tlclA cells are viable. However, survi- 
vors, cells that apparently maintain their chromosomes 
without elomerase, arise in all tlcl• cultures (Singer and 
Gottschling, 1994). 
The phenotype of estlzt cells is indistinguishable from 
that of tlclzl cells (Lundblad and Szostak, 1989; Lundblad 
and Blackburn, 1993). However, unlike TLCl, EST1 encodes 
a protein with a predicted molecular mass of -77  kDa. 
Because Estlp is required for telomere maintenance, it 
has been considered a candidate for a protein subunit of 
a yeast telomerase (Lundblad and Blackburn, 1990). 
Telomerase was initially detected in ciliates and verte- 
brate extracts as an activity that extends G strand oligo- 
nucleotide primers using radiolabeled eoxynucleotides. 
Using similar methods, we and others failed to detect telo- 
merase in cell-free extracts from Saccharomyces. Recently, 
a polymerase chain reaction (PCR)-based method, the 
telomeric repeat amplification protocol (TRAP) assay, was 
developed for use in human tissues (Kim et al., 1994; see 
Figure 1). This assay detects telomerase from as few as 
- 100 human cells and is - 10,000 times more sensitive 
than the conventional primer extension assay (Kim et al., 
1994). 
Here we used a modified TRAP assay to detect telo- 
merase in Saccharomyces. Yeast telomerase was depen- 
dent on Estlp. Moreover, Estlp and the TLC1 RNA were 
physically associated in cell-free extracts. Together with 
the genetic data demonstrating that EST1 is required for 
maintenance of telomere length (Lundblad and Szostak, 
1989), these data argue that Estl p is a protein component 
of telomerase. 
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Figure 1. Schematic of the PCR-Based S. cerevisiae Telomerase 
Assay 
The sequences of TG 19 and CA16 are shown. Telomerase inthe yeast 
cell-frae xtract extends the ~P-labeled TG19 primer by addition of 
TGI.~ DNA. After extension, the tube is heated to inactivate the cell 
extract and to melt he wax barrier, thereby introducing CA16 into the 
reaction mixture. The extension products are then PCR amplified, 
separated on a sequencing el, and visualized by autoradiography. 
This method is a modified TRAP assay (Kim et al., 1994). 
Results 
Identification and Characterization of S. cerevisiae 
Telomerase Activity 
A modified TRAP assay (Kim et al., 1994) was developed 
to identify telomerase in Saccharomyces cerevisiae (Fig- 
ure 1). In this assay, a radiolabeled G strand oligonucleo- 
tide is incubated with cell-free extract and unlabeled 
dNTPs to allow telomerase extension of the oligonucleo- 
tide. After telomerase extension, the extension products 
are PCR amplified by the addition of Taq polymerase and 
a C strand oligonucleotide. In practice, the telomerase 
reaction and PCR are carried out in a single tube: the 
telomerase reaction is stopped and PCR started by heat- 
ing the tube to 94°C. Heating inactivates the yeast cell 
extract (data not shown) and melts the wax barrier that had 
previously separated the C strand oligonucleotide from the 
other reagents. The PCR products are separated on a 
sequencing gel and visualized by autoradiography. 
To detect yeast telomerase, we used as primer a kinase- 
labeled 19-mer oligonucleotide (TG19; Figure 1) carrying 
9 bases of nontelomeric sequences followed by 10 bases 
of S. cerevisiae TG1-3 telomeric sequence. After telo- 
merase extension, a 16 base C1_3A oligonucleotide (CA16; 
Figure 1) was introduced, and PCR was carried out for 25 
cycles. The position of TG19 is indicated in Figure 2 (lane 
1). When no yeast extract was added, PCR alone gener- 
ated extension products of 31-34 bases from TG19 
(marked by an asterisk in Figure 2, lane 2). These extract- 
independent PCR products were probably generated by 
annealing of the 3'-CAC of CA16 to the 3'-GTG of TG19, 
followed by extension of TG19 to the end of CA16 by Taq 
polymerase. 
Pretreatment .~ #_ 
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Figure 2. Detection and Properties of Saccharomyces Telomerase 
Telomerase was detected in yeast cell-free extracts through the use 
of the TRAP assay described in Figure 1. Reaction products were 
separated on a 10% sequencing gel and autoradiographed. Lane 1 
contains 32P-labeled TG 19. Reactions were carried out for 30 min with- 
out (lane 2) or with (lanes 3-9) 0.4 p.g of yeast cell-free extract. An 
asterisk marks the position of the PCR products obtained with TG19 
in the absence of yeast extract. In lanes 4 and 5, the yeast extract 
was pretreated with, respectively, RNase A or phenol. In lane 6, TG19 
was added after the yeast extract was heat inactivated. Deoxynucleo- 
tides used in the telomerase reactions are indicated: N indicates that 
all four deoxynucleotides were used; G indicates dGTP; T indicates 
dTTP. In lanes 7-9, which show telomerase reactions that were per- 
formed in the presence of G and T or eithe~ G or T, the rest of the 
deoxynucleotides were added right before the PCRs. 
When the reactions were carried out in the presence of 
yeast extract, additional bands were seen (Figure 2, lane 
3). The major signals appeared at 16 base intervals. With 
longer exposure of the gel, up to eleven 16 base repeats 
were observed (data not shown). No 16 base repeats were 
seen in the absence of PCR (data not shown). The 16 
base repeats were eliminated when the yeast extract was 
pretreated with RNase (Figure 2, lane 4), phenol (lane 5), 
or heat (data not shown). Thus, the activity that generated 
the 16 base repeats appears to be a ribonucleoprotein, 
as expected for telomerase. The 16 base repeats were 
not detected when TG 19 was added after heat inactivation 
of the yeast extract (Figure 2, lane 6). When extension 
was done in the presence of both dG'FP and dTTP, the 
reaction products were the same as when all four dNTPs 
were present (Figure 2, lane 7), whereas no 16 base re- 
peats were seen with dGTP or dTTP alone (lanes 8 and 9). 
(All four dNTPs were always present during PCR.) Since 
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dGTP and dTTP were necessary and sufficient for the 
extension reaction, the 16 base repeats must contain only 
G and T, as expected for a telomerase-synthesized DNA. 
To determine the detection limits of the telomerase 
assay, the amount of yeast extract (Figure 3A) or the reac- 
tion time (Figure 3B) was varied. Telomerase activity was 
detected from as little as 2.5 ng of extract, equivalent o 
protein from -5000 cells (Figure 3A, lane 3). The extent 
of the telomerase reaction was also dependent on the 
amount of time TG19 was allowed to incubate with the 
yeast extract prior to PCR (Figure 3B). The activity was 
detectable after 4 min of incubation (Figure 3B, lane 5), 
but not at earlier timepoints, and was nearly complete by 
- 10 min. This result indicated that to obtain the 16 base 
repeats, TG19 must be incubated in the yeast extract. 
To determine the specificity of S. cerevisiae telomer- 
ase in vitro, we used oligonucleotides carrying vertebrate 
telomeric repeats (TTAGGG)4, Oxytricha telomeric re- 
peats (TTTTGGGG)3, Tetrahymena telomeric repeats 
(TTGGGG)3, or a nontelomeric DNA (M 13 reverse primer, 
AACAGCTATGACCATG) in the assay (data not shown). 
No telomerase activity was detected using telomeric DNA 
sequences other than TGI_3 DNA, despite the fact that 
the three foreign telomeric DNAs each supports telomere 
formation in Saccharomyces in vivo (Szostak and Black- 
burn, 1982; Dani and Zakian, 1983; Pluta et al., 1984; 
Brown, 1989; Cross et al., 1989; Riethman et al., 1989). 
Within the detection limit of this assay, S. cerevisiae telo- 
merase preferred TGI-a sequences over other telomeric 
sequences by at least 1000-fold. These results suggest 
that, at least in vitro, Saccharomyces telomerase is more 
stringent in terms of primer selectivity than either the Tetra- 
hymena (Greider and Blackburn, 1985) or human (Morin, 
1989) enzymes. 
EST1 Is Essential for Telomerase Activity 
Diploids carrying a wild-type and a null allele of both EST1 
and TLC1 were generated by transformation to determine 
whether telomerase activity is dependent on the EST1 or 
TLC1 gene products. These diploids were sporulated. 
Spores lacking EST1 or TLC1 (or both) were identified ge- 
netically and verified by Southern blot hybridization. Indi- 
vidual spores were streaked several times on plates to 
obtain cells that had grown for varying amounts of time 
in the absence of EST1 or TLCI. Extracts were prepared 
from cells one ( -30  divisions), two ( -50  divisions), or 
three ( -  70 divisions) restreaks after sporulation. By moni- 
toring colony size, we observed that the rate of growth of 
estl,d or tlclzl cells after both the first and second re- 
streaks was virtually identical to that of wild-type segre- 
gants from the same cross. By the third restreak, both 
estlA and tlclA cells displayed the slow growth character- 
istic of later stage cultures of these mutants (data not 
shown). 
Typical telomerase reactions from mutant cells are 
shown (Figure 4A). A total of 27 independent extracts from 
11 different estlA spores were prepared from cells grown 
for either - 30, - 50, or - 70 divisions without ESTI. None 
of these extracts displayed the 16 base repeats character- 
istic of extracts from wild-type cells (e.g., Figure 4A, lanes 
Lane 123456 
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Figure 3. Titration and Kinetics of the Yeast Telomerase Reaction 
Telomerase reaction products were separated on a 6% sequencing 
gel and autoradiographed. The position of TG19 is indicated. 
(A) Varying amount of yeast extracts were used in thetelomerase 
reactions, as indicated at the top of each lane. Each telomerase r ac- 
tion was for 10 rain. 
(B) Telomerase reactions were carried out for a vary!ng number of 
minutes, as indicated at the top of each lane. Each reaction had 0.4 
p.g of yeast extract. 
3-5). Reactions carried out using an equal mixture of ex- 
tract from estlzl and from wild-type cells had detectable 
telomerase, demonstrating that the estlA extracts did not 
inhibit the telomerase reaction (Figure 4A, lane 11). 
A trivial explanation for the dependence of the in vitro 
telomerase reaction on Estlp is that estlz~ cells might 
be generally impaired in DNA metabolism. To test this 
possibility, we performed DNA polymerase assays on a 
subset of the estlA extracts from first, second, and third 
restreak cells (Table 1). In each case, the level of DNA 
polymerase activity in the estlA extract was similar to that 
of extracts prepared from wild-type cells. Moreover, ex- 
tracts from estlzl cells lacked telomerase activity even 
when they were prepared from first and second restreak 
cells (e.g., Figure 4A, lanes 3 and 4), when the growth 
rates of mutant and wild-type cells were virtually identical 
(data not shown). Taken together, these data indicate that 
the inability to detect telomerase'in extracts from estlA 
cells was not a secondary consequence of the reduced 
viability associated with late-stage cultures of estlA cells. 
We therefore conclude that Estlp is essential for telo- 
merase activity in vitro. 
Cell 
1130 
EST1 TLC1 • • • 
EST1 tic1 • • • • • 
estl TLC1 • • • • • 
Restreak 3 1 2 3 1 2 3 RNase 
~r - -1  r--'m 
.+.  +-+.  + 
TG19~ 
TG19-~ 
Lane 1 2 3 4 5 6 78  91011 Lane 12345678910 
Figure 4. Telomerase Activity Is Not Detected in Extracts Prepared 
from estlA or tlclA Cells 
Each"ielomerase assay contained 0.4 p.g of cell-free extract and was 
carried out for 10 min. Reaction products were separated on an 8% 
sequencing gel. 
(A) Extracts were prepared from wild-type (lane 2),est 1/I (lanes 3-5), or 
tlclA (lanes 6-8) cells. In each case, cells were grown for the indicated 
number o1 restreaks after sporulation prior to the preparation of cell- 
free extracts. In lane 9, 0.2 p.g of the estl/1 extract from lane 5 was 
mixed with an equal amount of the tic1~1 extract from lane 8. In lane 
10, 0.2 I~g of the wild-type extract was mixed with an equal amount 
of the tic1~1 extract used in lane 8. In lane 11, the wild-type extract 
was mixed with an equal amount of the estl/1 extract used in lane 5. 
(B) Extracts were prepared from third restreak cells from wild-type 
(lanes 3 and 4), tic1~1 (lanes 5 and 6), estl/1 (lanes 7 and 8), or estl/1 
tic1~1 (lanes 9 and 10) cells. For each strain, in the reactions shown 
in the second lane of the series, the yeast extract was treated with 
RNase prior to the telomerase reaction. In lane 2, no yeast extract 
was added. 
Whereas all tested extracts from t l c lA  cells had wild- 
type levels of DNA polymerase activity (Table 1), telo- 
merase was not detected in most of the 32 extracts tested 
from t l c lA  cells (e.g., Figure 4A, lanes 6-8). Telomerase 
was also not detected in extracts from est lA  t l c lA  cells 
(e.g., Figure 4B, lane 9). However, in contrast with est lA  
extracts, mixing a t l c lA  extract that lacked telomerase 
activity with a wild-type extract inhibited the activity of the 
wild-type extract (e.g., Figure 4A, lane 10). This inhibition 
was seen in four of four independent extracts from t l c lA  
strains that were tested in a mixing assay. This inhibition 
was also seen when the tic 1/I and wild-type extracts were 
mixed in a 1:10 or a 1:100 ratio (data not shown). The 
presence of a trans-act ing inhibitor made it impossible to 
determine whether telomerase activity was dependent on 
TLC1 RNA. Surprisingly, telomerase activity was detected 
in almost half of the extracts prepared from first restreak 
t l c lA  cells (data not shown). Detection of te lomerase in 
tic1~1 cells after -30  divisions in the absence of TLC1 
RNA might be explained by a second telomerase RNA 
gene that can support a low level of telomerase activity 
or by suppressors arising in the population. 
RNase-sensitive extension products were never de- 
tected in extracts prepared from either est lA  or tic1~1 cells 
that had grown for 70 cell divisions after loss of these 
genes (e.g., Figure 4A, lanes 5 and 8). As shown in earlier 
studies, by - 70 divisions, most colonies in both mutants 
grew slowly compared with cells from a wild-type strain, 
but all isolates had some fast-growing cells that represent 
the spontaneous suppressors that arise in both est l /1  and 
tic1~1 cultures (Lundblad and Szostak, 1989; Lundblad 
and Blackburn, 1993; Singer and Gottschling, 1994; our 
unpublished data). For both est l /1  and tic1~1 strains, 5 of 
11 independent extracts prepared from third restreak cells 
generated extract-dependent extension products (Figure 
4B, lanes 5-10). However, these products did not have 
the typical 16 base periodicity characteristic of wild-type 
extracts and, more importantly, were not el iminated by 
RNase pretreatment of the yeast extract (Figure 4B, lanes 
6, 8, and 10). The insensitivity of these aberrant extension 
products to RNase demonstrated that they were not gener- 
ated by telomerase. 
Aberrant extension products were only seen in later 
Table 1. DNA Polymerase Assays in Wild-Type and Mutant Cells 
Experiment 1 Experiment 2 
Restreak Wild Type estl/1 tlclA Restreak Wild Type estlA tlclA 
First 1 1.05 1.78 First 1 0.57 1.07 
Second 1 1.05 1.05 Second 1 1.51 0.81 
Third 1 1.81 1.27 Third 1 1.13 1.11 
DNA polymerase assays were performed as described in Experimental Procedures. The average number of [a-~P]dTTP counts per minute 
incorporated into TCA-precipitable products generated by the wild-type xtract at the first, second, or third restreak was defined as 1. The average 
number of counts per minute in the mutant extracts was divided by the average number of counts per minute in the wild-tj/pe reaction to yield 
the values shown. Two independent experiments are reported. In experiment 1, the counts per minute in the wild-type samples were 1024 (first 
restreak), 1585 (second restreak), nd743 (third restreak). In experiment 2, the counts per minute in the wild-type samples were 4432 (first restreak), 
4025 (second restreak), and 4831 (third restreak). 
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stage cultures when spontaneous suppressors arose. 
Many of the suppressors that arise in estlA or tic1/1 cul- 
tures accumulate the subtelomeric Y' repeat in subtelo- 
meric regions, which probably accounts for their viability 
despite the fact that their terminal tracts of CI-~A/TGI_3 
DNA are very short (Lundblad and Blackburn, 1993; 
Singer and Gottschling, 1994; our unpublished data). 
However, -10% of the suppressors that arise in estl/I 
cultures have very long tracts of Ba131-sensitive C1_3N 
TG1-3 DNA (S. Balakumaran and V. A. Z., unpublished 
data), suggesting that there is more than one pathway that 
allows survival in the absence of telomerase. A telo- 
merase-independent mechanism for telomere lengthen- 
ing could explain the RNase-insensitive extension prod- 
ucts seen in late-stage cultures from some stlA and tlclA 
strains. 
EST1 Does Not Affect TLC1 Expression 
As shown in the preceding section, Estlp is required for 
telomerase activity. Since TLC1 encodes an RNA that tem- 
plates telomeres in vivo (Singer and Gottschling, 1994), 
TLC1 encodes a telomerase RNA. The dependence of the 
in vitro telomerase assay on Estlp could be explained if 
Estlp were a protein subunit of telomerase or, alterna- 
tively, if it were required for the synthesis or activation of a 
telomerase component, such as TLC1 RNA. To determine 
whether Estl p regulates the expression of TLC1, we exam- 
ined RNA in mutant and wild-type cells (Figure 5). As deter- 
mined by either Northern blot analysis (Figure 5A) or re- 
verse transcriptase PCR (RT-PCR; Figure 5B), the 
amount of TLC1 RNA was indistinguishable inestlA com- 
pared with wild-type cells (compare lanes 2 and 4 in Fig- 
ures 5A and 5B). Therefore, Estlp is not required for the 
synthesis or maintenance of TLC1 RNA. 
Estlp and TLC1 RNA Are Specifically Associated 
in Cell-Free Extracts 
To address further the basis for the dependence of telo- 
rnerase activity on Estlp, we asked whether Estlp and 
TLCl RNA are physically associated in cell-free extracts, 
as would be expected if Estlp were a subunit of a yeast 
telomerase. For these experiments, an estl/I strain car- 
tying a plasmid that produced a hemagglutinin (HA)- 
tagged Estlp was used. Cells expressing this HA-tagged 
Estlp had normal viability and growth properties (data not 
shown). As a control, an EST1 strain carrying either the 
vector alone, which produced an - 8 kDa HA-tagged poly- 
peptide, or an EST1 strain expressing an HA-tagged 
Raplp was used. (Raplp is the major structural protein 
that associates with yeast telomeres in vivo; Conrad et 
aft, 1990; Wright and Zakian, 1995). 
Extracts were prepared from cells by methods that are 
expected to preserve protein-protein and protein-DNA 
interactions. Anti-HA antibody was added, and immuno- 
complexes were precipitated with protein A-agarose. 
After washing, the immunocomplexes were extracted and 
analyzed by RT-PCR for the presence of TLC1 RNA. 
Whereas TLC1 RNA was readily detected in the immuno- 
complexes from cells expressing HA-tagged Estl p (Figure 
6, lane 4), there was no detectable TLC1 RNA in immuno- 
A 
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- -  18S 
Lane 1 2 3 4 1 2 3 4 
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Figure 5. Estlp Does Not Control the Synthesis or Stability of TLC1 
RNA 
Total yeast RNA ( -  5 p.g) was prepared from wild-type or mutant strains 
as indicated and analyzed by Northern blot analysis (A) or RT-PCR 
(B). For Northern blot analysis, RNAs were separated on a 1% agarose 
gel containing formaldehyde and transferred onto Hybond N ÷ paper, 
and the blot was probed with a 1.25 kb TLCl DNA I~beled by random 
priming. An autoradiograph of the blot is shown on the left, and ethid- 
ium bromide staining of the gel is shown on the right. Positions of 25S 
and 18S RNAs are indicated. The TLCl RNAtranscript is - 1300 bases 
(Singer and Gottschling, 1994). For RT-PCR (lanes 1-4), the first 
strand DNA was synthesized by RTase and then amplified by PCR to 
generate a 500 bp TLC1 DNA fragment. As a control, an equal amount 
of RNA from each strain Was treated with RNase A before RT-PCR 
(lanes 5-8). DNA size markers (M) are shown in lane 9. 
precipitates from cells carrying the vector alone (lane 2) 
or cells expressing HA-tagged Raplp (lane 3). The pres- 
ence of TLC1 RNA was eliminated when the immunocom- 
plexes were subjected to RNase prior to RT-PCR (Figure 
6, lane 7). Thus, the TLC1 sequences in the immunoprecip- 
itateswere dueto TLC1 RNA, not TLC1 DNA. These results 
demonstrate that TLC1 RNA is associated with HA-tagged 
Estl p and that this association is attributable to the Estlp 
protein itself, not to the HA tag nor to a general contami- 
nant in immunoprecipitates. 
To determine whether the association of HA-tagged 
Estlp and TLC1 RNA was speoific for TLC1 RNA, we ana- 
lyzed the immunoprecipitates by RT-PCR for the pres- 
ence of four other abundant RNAs, phosphoglycerate ki- 
nase (PGK1; Perkins et al., 1983), actin (ACT1; Ng and 
Abelson, 1980), ~-tubulin (TUB3; Schatz et al., 1986), and 
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Figure 6. TLC1 RNA Is Specifically Associated with Epitope-Tagged 
Est I p 
Yeast cell-free extract (100 p.I) was prepared from an estlA strain 
carrying pACT-EST1, which produces HA-tagged Estlp. Alternatively, 
extract was prepared from an EST1 strain carrying either pACT2, which 
produces an -8  kDa HA-tagged polypeptide, or pACT1-RAP1, which 
produces HA-tagged Raplp. The extracts were immunoprecipitated 
using anti-HA antibody. RNA was extracted from the immunocom- 
plexes and analyzed by RT-PCR for TLCI RNA (lanes 2-7), RAP1 
RNA (lanes 8 and 12), TUB3 RNA (lanes 9 and 13), ACT1 RNA (lanes 
10 and 14), orPGK1 RNA (lanes 11 and 16). In some cases, the extract 
was subjected to RNase prior to RT-PCR (denoted by the plus sign 
above the lanes). RT-PCR was also carried out for each RNA using 
0.5 p.g of total RNA from wild-type cells. The RT-PCR products from 
total_RNA for the different RNAs are displayed as follows: lane 16, 
PGK1; lane 17, TLC1; lane 18, ACT1; lane 19, TUB3; and lane 20, 
RAP1. Lanes 1 and 21 contain molecular weight markers. Samples 
were analyzed on a 1.5% agarose gel and stained with ethidium 
bromide. 
Rap lp  (RAP1; Shore and Nasmyth, 1987). No ACT1 (Fig- 
ure 6, lane 10), TUB3 (lane 9), or RAP1 (lane 8) RNA was 
detected in the Estl  p immunoprecipitates. A small amount 
of PGK1 RNA was seen (Figure 6, lane 11). To estimate 
the relative fraction of TLC1 and PGK1 RNAs in the Est lp  
immunoprecipitates, we performed RT-PCR for each 
RNA using total RNA from wild-type cells (Figure 6, lanes 
16-20). In total RNA analyzed, as shown in Figure 6 (lanes 
16-20), the amount of RT-PCR product for PGK1 RNA 
was -3 .5 - fo ld  more than for TLC1 RNA (compare lanes 
16 and 17). However,  whereas the RT-PCR for TLC1 was 
in the linear range, the PGK1 cDNA needed to be diluted 
>10-fold to obtain a linear RT-PCR (data not shown). In 
the Est lp  immunoprecipitates, the RT-PCRs were in the 
linear range for both TLC1 and PGK1 (data not shown). 
In these immunocomplexes,  the TLC1 RT-PCR product 
was -2 .5 - fo ld  more abundant than PGK1 (compare lanes 
4 and 11 in Figure 6). Thus, TLC1 RNA was highly enriched 
in Est lp  immunoprecipitates compared with PGK1 RNA. 
Moreover, unlike TLC1 RNA, PGK1 RNA was also detected 
by RT-PCR in immunocomplexes from cells carrying the 
vector alone or from cells expressing HA-tagged Rap lp  
(data not shown). Thus, PGK1 RNA is a nonspecific con- 
taminant of the immunoprecipitates, presumably because 
it is an extremely abundant RNA, comprising -5% of the 
total poly(A) mRNA (Holland and Holland, 1978; Dobson 
et al., 1982). 
Discussion 
We demonstrate here that the TRAP assay can be used 
to detect telomerase in S. cerevisiae. This assay was de- 
pendent on Estl  p, a protein that is also required for telo- 
mere maintenance in vivo (Lundblad and Szostak, 1989). 
In addition, Es t lp  and the TLC1 RNA, which determines 
the sequence of telomeric DNA in vivo (Singer and 
Gottschling, 1994), were physically associated in cell-free 
extracts prepared under conditions that preserve in vivo 
associations. Taken together, these data argu~that Est lp  
is a component  of yeast telomerase. 
An in vitro telomerase assay in Saccharomyces, a genet- 
ically tractable organism, will be invaluable to determine 
whether the phenotypes of other genes that affect telo- 
meres in vivo can be explained by their effects on telo- 
merase. For example,  Pif lp,  a 5' to 3' DNA helicase that 
affects telomere length and the frequency and specificitY 
of de novo telomere addition in vivo, has been hypothe- 
sized to act as a telomerase inhibitor (Schulz and Zakian, 
1994). This hypothesis can now be tested directly. The assay 
can also be used to purify the putative telomerase inhibitor 
found in extracts from t lc lA cells (Figure 4A, lane 10). 
Human telomeres shorten as cells age either in vivo or 
in vitro (reviewed by de Lange, 1994). Telomerase activity 
is not detected in most human somatic tissues (e.g., 
Counter et al., 1994; Kim et al., 1994). In contrast, telomere 
length in human tumors and immortal cultured cells either 
stabilizes or increases (Counter et al., 1992, 1994; Klingel- 
hutz et al., 1994). Moreover, telomerase is detected in 
virtually all tumors analyzed (Counter et al., 1994; Kim et 
al., 1994). Thus, telomerase is an appealing candidate as 
a target for therapeutic intervention. Since many aspects 
of telomere structure and replication are conserved be- 
tween lower and higher eukaryotes, identification of Estl  p 
and other proteins that affect yeast te lomerase might ulti- 
mately lead to the identification of components or inhibi- 
tors of the human enzyme. 
Experimental Procedures 
Yeast Media, Strains, and Plasmids 
Yeast strains were maintained using standard media and growth condi- 
tions (Sherman, 1991). Yeast strains YJL301 (MATa pprl::LYS2 ura3-52 
/ys2-801 ade2-101 his3-A200 trpl-A 1 leu2.A I adh4::URA3-TEL) and 
YJL302 (MA Ta t/c1::LEU2 pprl : :HIS3 ura3-52 lys2-801 ade2-101 his3- 
A200 trpl-A 1 leu2-A 1 adh4::URA3-TEL) are the meiotic products of 
UCC3508 (Singer and Gottschling, 1994; obtained from D. Gottsch- 
ling). In YJL302, the 693 bp NcoI-Nsil fragment of the ~ 1.3 kb TLC1 
gene was replaced by a 1.6 kb fragment of LEU2 (Singer and Gottsch- 
ling, 1994). YJL301 and YJL302 were mated to create a diploid strain, 
YJL303 (TLCllt/cl::LEU2). YJL303 was transformed with Sphl- and 
BamHI-digested plasmid pestl::TRP1 in which the 905 bp Bglll-Xhol 
fragment from the - 2.1 kb EST1 gene4s replaced by TRP1 (Lundblad 
and Szostak, 1989), thereby generating the diploid strain YJL304 
(EST1/estl::TRP1; TLC1/tlcl::LEU2). The ES7:1 disruption was con- 
firmed by Southern blot analysis. YJL304 was sporulated and tetrads 
were dissected. Multiple haploid strains that were ither EST1 TLCI, 
EST1 tlcl A, estl A TLC1, or estl A tlc l A were selected from the meiotic 
segregants by their being, respectively, Leu- Trp-, Leu ÷ Trp-, Leu- 
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Trp*, and Leu ÷ Trp +. Wild-type and mutant sagregants were streaked 
on YEPD plates. To calculate the number of cell divisions in the ab- 
sence of Estl p or TLC1 RNA, we estimated that -20  cell divisions 
are needed for a single yeast cell to form a colony. Colonies were 
dispersed in 5 ml of YEPD medium and allowed to grew for - 10 cell 
divisions prior to extract preparation. 
To construct HA-tagged EST1, we ligated the 2.1 kb Hincll fragment 
from EST1 to Smal-digested pACT2 (a gift from S. Elledge), a LEU2- 
bearing 2 I~m based plasmid, to generate pACT-EST1, pACT-EST1 
expressed an - 82 kDa fusion protein that has amino acids 31-699 of 
Estlp preceded by the activation domain of Gal4p and the HA peptide. 
Using an anti-HA antibody, this fusion protein can be detected by 
Western blot analysis of extracts from cells carrying pACT-EST1 (S. 
Balakumaran and V. A. Z., unpublished data), pACT-EST1 was intro- 
duced by transformation i to YJL303. This strain was sporulated, and 
a Leu ÷ (pACT-ESTl-bearing), Trp ÷ (estlA) segregant, YJL311, was 
identified. Although YJL311 showed no senescent phenotype even 
after growth for - 90 cell divisions, its telomeres were - 100 bp shorter 
than wild type (data not shown). 
To construct HA-tagged Raplp, plasmid D123 (Shore and Nasmyth, 
1987) was digested with Pstl, blunted by T4 DNA polymerase, digested 
with EcoRI, and ligated to Smal- and EcoRI-digested pACT2 to gener- 
ate pACT-RAP1. This plasmid generated an -97  kDa fusion protein 
that is missing the first 30 amino acids of Raplp. Haploid EST1 segreg- 
ants from YJL311 were transformed with either pACT2 or pACT-RAP1 
to generate, respectively, YJL310 or YJL309. 
Preparation of Extracts for Telomerase, DNA Polymerase, 
and Immunoprecipitation Assays 
To prepare cell-free extracts for telomerase or immunoprecipitation 
assays, we used centrifugation to harvest a 5 ml overnight culture of 
cells. The cell pellet was washed once with water, resuspended in 0.5 
ml of buffer A (50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 50 mM NaOAc, 
1 mM DI-I, 0.2 mM PMSF, and 20% glycerol), and transferred to a 
1.5 ml microfuge tube. Glass beads (400-500 p.m; Sigma) were added 
to a final volume of 1.2 ml. Cells were broken by shaking the tubes 
in an Eppendorf shaker for 10 rain at 4°C. The liquid was removed 
and transferred to a fresh tube, and cell debris was removed by centrif- 
ugation in a Eppendorf microfuge for 5 min at 4°C. The supernatant 
was aliquoted, frozen in a dry ice-ethanol bath, and stored at -70°C. 
The protein concentration of these extracts was typically 1-2 mg/ml. 
Extracts prepared in this way have been used previously to identify 
single strand (TGI_3), DNA-binding proteins in S. cerevisiae (Lin and 
Zakian, 1994). 
Telomerase Activity Assay 
To assay for telomerase, we used a PCR-based assay (Kim et al., 
1994). Oligonucleotide TG19 (Figure 1A) was 5' end-labeled with 
[¢-32P]ATP (3000 Ci/mmol) using T4 polynucleotide kinase (New En- 
gland Biolabs) and gel purified from a 12% sequencing gel. This oligo- 
nucleotide was used as the primer for telomerase reactions. In a typical 
one-tube assay, 1 p.I of 20 p~M CA16 oligonucleotide (Figure 1A) was 
embedded in the bottom of a PCR tube with Ampliwax PCR Gem100 
(Perkins-Elmer). A 24 p.I reaction mixture containing 20 mM Tris-HCI 
(pH 8.0), 1.5 mM MgCI2, 68 mM NaCI, 0.05% Tween 20, 1 mM EGTA, 
0.2 p.M ~P-labeled TG19 oligonucleotide, 40 p~M each of dNTPs, 1 U 
of Taq DNA polymerase (Promega), and 0.4 I~g of yeast extract was 
added to the top of the wax barrier. The reaction was started by incubat- 
ing the tube at 30°C for 10 min. The reaction mixture was then brought 
to 94°C for 3 min to dissolve the wax and to mix in the CA16 oligonucle- 
otide. We performed 25 cycles of PCR with a setting of 94°C for 30 
s, 60°C for 30 s, and 72°C for 30 s per cycle, followed by one cycle 
each at 94°C for 30 s, 60°C for 30 s, and 72°C for I min. The reaction 
product (20 p.I) was dried by speed vac and resuspended in 6 Id of 
formamide sequencing dye. Half of the sample was analyzed on a 
6°/0, 8%, or 10% sequencing gel, and the reaction products were 
visualized by autoradiography. RNase A treatments of extracts were 
performed by incubating 20 p~l of extracts with 1 ~1 of 1 mg/ml RNase 
A at room temperature for 30 min. The extracts were then diluted to 
0.2 mg/ml by adding 0.1 mg/ml BSA and used in the telomerase assay. 
For the titration experiments (Figure 3A), the yeast extract was diluted 
by adding 0.1 mg/ml BSA. 
Many wild-type Saccharomyces trains did not yield a positive reac- 
tion in the TRAP assay used here, and not all extracts from wild-type 
strains that yield positive extracts were positive. The telomerase reac- 
tion was not improved by using different extraction procedures or by 
adding 1 mM spermine, 1 mM spermidine, or 3% polyethylene glycol 
to the reactions (data not shown). In addition, telomerase activity was 
very labile: activity was lost either by two rounds of freeze-thawing, 
incubation at 4°C for 16 hr, or dilution (data not shown). 
DNA Polymerasa Assay 
To detect DNA polymerase activity in yeast extracts, we monitored 
the incorporation of [=P]dTTP into trichloroacetic acid (TCA)-insoluble 
DNA (Sakakibara and Tomizawa, 1974). Reaction mixtures (25 id) 
containing 20 mM Tris-HCI (pH 8.0), 1.5 mM MgCI2, 68 mM NaCI, 
0.05% Tween 20, 1 mM EDTA, 0.5 p.Ci of [=P]dTTP (3000 Ci/mmol), 
40 p.M each of dATP, dGTP, and dCTP, 0.1 I~g of heat-denatured 
yeast genomic DNA, and 0.2 I~g of yeast extract were used. These 
mixtures were incubated at 30°C for 30 min. The reactions were 
stopped by adding 1 ml of ice-cold 10% TCA and incubated on ice 
for another 15 rain. TCA-insoluble products were collected by filtering 
the reaction mixtu re through a 24 mm GF/C filter disc and were quanti- 
rated by scintillation counting. 
RNA Analysis 
Total RNA was prepared in a 5 ml overnight culture from mutant or 
wild-type cells. The cells were harvested by centrifugation and were 
washed once with water and again with ice-cold RNA buffer containing 
50 mM Tris-HCI (pH 7.4), 100 mM NaCI, and 10 mM EDTA. The cell 
pellet was frozen on a dry ice-ethanol bath and then thawed on ice. 
RNA buffer (100 p.I) was added to resuspend the cells, and 50 I~1 of 
glass beads (400-500 pm) were added. Cells were broken by vortexing 
at 4°C for 3 min. RNA buffer (500 I~1) with 1.3o/0 SDS was added to 
the broken cells. The mixture was then extracted sequentially with 
phenol, phenol-chloroform, and chloroform. After extraction, 16 p.I of 
5 M NaCI was added, and the RNAs were ethanol precipitated. 
For Northern blotting, standard procedures were used in running 
formaldehyde gels and preparing the blot (Sambrook et al., 1989). A 
1.25 kb fragment containing TLC1 (from pTRP61; Singer and Gottsch- 
ling, 1994) was used as the probe. For detection of TLC1 transcript 
by RT-PCR (Wang et al., 1989), two oligonucleotides were synthe- 
sized, T5 (5"CTCGATGGTGAAGAGATAGT-3~ and T3 (5'-CATAAAG- 
TGACAGCGCTTAG-3'), that were, respectively, -300 bases 5' to or 
-200 bases 3' to the 16 base C,_.~A telomere template sequence. 
These oligonucleotides amplified a 500 bp ~TLC1 DNA fragment by 
PCR. In a typical RT-PCR, - 5 pg of total yeast RHA was treated with 
DNase I and annealed to the T3 primer, and the first strand DNA was 
synthesized by SuperScript RTase (GIBCO BRL), followed by PCR at 
94°C for 40 s, 60°C for 10 s b and 72°C for 30 s per cycle for 30 cycles. 
For the RNase controls, 1 p.I of 0.5 mg/ml RNase A was added, and 
the mixtures were incubated at 30°C for 30 min prior to first strand 
synthesis. To analyze RNA by RT-PCR in immunoprecipitates, we 
followed the same procedures except that PCR was performed for 40 
cycles. Reaction products were chloroform extracted and analyzed 
on an ethidium bromide-stained 1,5%o agarose gel. 
To detect RAP1 (Shore and Nasmyth, 1987), TUB3 (Schatz et aL, 
1986), ACT1 (Ng and Abelson, 1980), or PGK1 (Perkins et al., 1983) 
RNAs by RT-PCR, we synthesized four pairs of oligonucleotides that 
amplified, respectively, 800, 700, 600, or 400 bp from each RNA. The 
oligonucleotidas used were the following: RAP1, 5'-GATCACTTATCA- 
CAGATGAG-3' and 5'-TACCAGTI-I'CATCGCAAAGA-3'; TUB3, 5'-CTG- 
CTCCACAAGTGTCTACT-3' and 5'-GGTGAATTCACCTTCI-ICCA-3'; 
ACT1, 5'-GAACACCCTGTTC i i i i GAC-3' and 5'-ACCGGACATAAC- 
GATGTTAC-3'; and PGK1, 5'-ATCACTTCTAACCAAAGAAT-3' and 
5'-AGCGGTACCGAAGGCATCGT-3'. 
Immunoprecipitation Experiments 
Cell-free extracts were prepared from YJL309, YJL310, and YJL311. 
After addition of 4 pl of 1 mg/ml anti-HA antibody (12CA5; Boehringer 
Mannheim) to 100 p~l of each extract, the mixture was incubated on 
ice for I hr. Next, 30 pl (which corresponds to a 20 p.I packed volume) 
of protein A-agarose (Sigma) was added, and the mixtures were incu- 
bated on ice for 1 hr to precipitate immunocomplexes. Precipitated 
Cell 
1134 
immunocomplexes were washed four times with buffer A; eluted by 
adding 100 I~1 of 50 mM Tris (pH 7.4), 100 mM NaCI, 10 mM EDTA, 
1.3% SDS; and incubated at 65°C for 10 min. These eluates were 
phenol extracted, ethanol precipitated, and analyzed by RT-PCR. 
To determine whether individual RT-PCRs were in the linear range, 
we made serial dilutions of the cDNAs prior to PCR. Reaction products 
were separated on a 1.5% agarose gel. Quantitation of the ethidium 
bromide-stained DNA in the gels was perfomed by scanning the pic- 
ture of the gel into the computer and quantitating the images using 
Image-Quant software. 
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